As used in (1), the term 'natural' simplifies a more complex reality. In addition to the differences that exist between two raw materials of different origin, there are three distinct stages in pottery fabrication that must be taken into consideration as each can introduce variability through the particular technological processes involved. In the first stage, there is the selection of one or more raw materials, which contain the information of provenance (which is not necessarily the same as that of the the pottery, if trade in raw materials have occurred). In the second stage, there exists the variability introduced by the potter during the preparation of one or more pastes, depending on the particular use the pottery is to be put to (Steponaitis, 1984; Cuomo di Caprio, 1985; Arnold, 1992) . Finally, the paste can be diversified during firing, resulting in different transformations which affect mineralogy (Maggetti, 1981) , chemical composition (Widemann et al., 1975; Kilikoglou et al., 1988) , as well as physical properties including microstructure and colour (Picon, 1973; Tite & Maniatis, 1975; Dufournier, 1982; Béarat et al., 1989) . As a result of these changes a paste may then result in the production of one or more fabrics (adapted from Whitbread, 1989, 127) . Therefore, in case studies the relation between the paste and the derived fabrics should be satisfactorily explained by a model of transformation during firing, which can then be verified by experimental work . In addition to these three stages, there exists another source of variability, which is the subject of this paper. This final source of variability refers to unintentional alteration and contamination processes that take place during the phases of manufacture, use, burial, excavation, conservation and analysis.
It was at the end of the 60s and the beginning of the 70s, when the processes of alteration and contamination of pottery were first taken into consideration (Freeth, 1967; Millet, 1967; Matson, 1971; Sayre et al., 1971; Duma, 1972) . In subsequent years, there has been a not unexpected increase in research in this field, and considerable advances have been made (Béarat, 1990; Picon, 1991) . Surprisingly, the effects of alteration and contamination processes on chemical composition have not received the same level of attention. Studies almost exclusively focus on the variations observed in the elements directly affected by these processes. As far as we know, only Picon (1986) has proposed a general correction of the elemental concentrations determined as well as recently pointing out the implications of the 'residual distances' that exist when we compare one individual with a previously established reference group (Picon, 1992; Morel & Picon, 1995) .
The main purpose of this paper is the theoretical study of the implications that alteration and contamination processes have on elemental concentrations, and their effect on the treatment of the chemical data.
The perturbation problem.
Alteration and contamination processes modify the original composition according to the properties of compositional data. The operation introduced by Aitchinson (1986, 42-43 and 123-125) x 1 =u 1°x0 =C(x 0 1 u 1 1 ,...,x 0 D u 1 D ) (2) is defined as perturbation. During that operation, the D-parts compositional vector x 0 , which we can identify with the original compositional vector of a ceramic artefact, is operated by the D-parts perturbing vector u 1 of positive elements. The result is the perturbed compositional vector x 1 . C represents the constraining operator which transforms each D-parts vector in one vector with unit sum. A generalisation of (2), for the processes that involve a sequence of compositions generated by independent successive perturbations, is possible according to the rules of the ° operator (Aitchinson, 1992 ):
x n =u°x (x=x 0 ;u=(u n°. ..°u 1 ) (n=1,2,...)).
(3) Thus, taking expression (3) as a starting point, we are able to develop a theory of alteration processes which can deal with more than one perturbation operation.
The values of the components of the perturbing vector will be in the range 0<u j <1 when the perturbation implies a drop in the concentration of the x j component of the compositional vector, or u j >1 if it implies an increment. Finally, the value will be u j =1 if it does not imply any change. Thus, 1 is the neutral element for the perturbation. Then, the operation of perturbation of one compositional vector by one perturbing vector with all its components u j =1 (j=1,...,D), is the identity perturbation. Now, taking (2) and (3) together, we can develop these expressions to 
we arrive to the expression 
Note that in these developments the constant 100 has been introduced in order to express the data in percentage values.
According to (5), we can verify that in fact the perturbation operation in compositional data establishes two types of perturbation. The first, which we shall call direct, comes from the fact that one component x j is multiplied by one component u j , as is established in (2). The second, which we shall call indirect, comes from the fact that one component x j is divided by the value k defined in (4) and is a perturbation imposed by the constraining operator. Thus, the possible sources of variation in the D components of x 0 are actually the direct and indirect perturbations present in all the perturbation operations.
The value k, as expressed in (4), is the result of the sum of the D components of the original compositional vector x 0 plus those terms ((x j u j )-x j ) (j=1,...,D) which are not cancelled when being operated by the neutral element (i.e. u j ≠1). Therefore, the fact that k deviates from 100 depends only on those components of the perturbing vector other than the neutral element. Moreover, it is clear that 100 is the neutral element of the indirect operation because it cancels the indirect operation. Nevertheless, it is possible for k to assume the value of 100, if there are two or more terms ((x j u j )-x j ) with u j ≠1 producing equal perturbations but in opposite directions. At the same time, a discrepancy appears between the expected value from the direct perturbation operation and the observed value which arises from the final indirect operation. In this sense, the value determined by the chemical analysis is an overestimation of that value resulting from the direct perturbation if k<100 and, on the contrary, it is an underestimation if k>100.
It is clear from the above that the validity of a methodology able to deal with perturbed data depends on its ability to avoid the effects of the indirect operations, because the latter become a source of spurious error propagation with no connection to the natural processes, but rather to the constraining operator of the compositional data. At the same time, having proved its ability to cancel the indirect operations, it would be desirable for such a methodology to facilitate the identification of the effects of the direct operations, in order that they might be recognised and taken into consideration.
Traditional data treatments.
Traditional data treatments use the data in one of two ways. The raw data can be either used in their original values or by taking their logarithms; or some scholars normalise the subcompositions in such a way that the sum of the determined components is 100. The main reason for doing this is to achieve a better intercomparability of the elemental concentrations of the same component in two different compositional vectors. This is a common way of working on subcompositions that include the most of major and minor elements. However, it is not used at all by those who determine almost exclusively trace elements.
The compositional vectors in chemical characterisation have no D random dimensions, but rather the D dimensions are the number of elements in the Periodical System that occur naturally. However, in practice the analytical determinations are never performed for all the D components, but for a subcomposition S (S<D) that is imposed by either the technical possibilities, the theoretical assumptions, or both factors together. Therefore, (5) can be written as
. 100 100 1 1
It is important to consider that, in (6), k has the same meaning given by (4). Thus, the elemental concentrations of the determined subcomposition are affected by the direct perturbations which depend on the components u j (j=1,...,S), but they are also affected by the indirect perturbations that are dependent on all the components u j (j=1,...,D). Expression (6) actually forms the basis for those data treatments conducted on the raw data.
However, in the case where the subcomposition is normalised we start from another basis:
Due to the constraining operator, imposed during normalisation, a second indirect operation is performed by a new value which is similar to the value k defined in (4). This new value is formed only from the values of the S components of the determined subcomposition:
Thus, the resulting expression can be written as 
where c corresponds to c=(x 1 u 1 )+...+(x S u S ).
(8) Expressions (7) and (8) allow us to confirm the intuitive idea that the normalisation of the subcompositions produces new values that are independent of the undetermined components and, more importantly, that are independent of those undetermined components of the perturbing vector. In spite of this corrective effect, other problems exist in using the normalised subcompositions, because the normalisation finally multiplies each component of the determined subcomposition by a scale factor a c = 100 ,
where c has the meaning defined by (8).
These developments clearly show that working with the elemental concentration of the determined subcompositions, either with the raw data, or with the normalised subcompositions, implies several serious problems, mainly because the determined concentrations depend, through the indirect operation, on the value k defined by (4) for the raw data, or on the scale factor a defined by (9) for the normalised subcompositions.
On top of these problems, two other objections need to be raised. First, intravector ratios are maintained for those components directly operated by the same value in the perturbing vector, but not necessarily for the inter-vector ratios. Expressed as the product of the original ratio multiplied by a new ratio due to the perturbation, the inter-vector ratio between compositional vectors A and B becomes in the normalised subcomposition case, exhibiting their dependence to k (4) and to a (9), which can differ for each compositional vector.
Secondly, during the definition of compositional groups it is necessary to estimate the distribution function parameters. If we assume, for example, that this function fits a normal multivariate function, the parameters mean, variance and covariance will be estimated. Therefore, as it easily demonstrated, the value k (4) for raw data, or the scale factor a (9) for normalised data, will be used in a recurrent way in every step of these calculations. Thus the estimation of these parameters represents a serious source of error propagation.
It has been shown so far that the traditional methods of chemical data treatment cannot handle perturbations. This inability is especially important because it is an axiom that all the compositional vectors of the ceramic individuals analysed are possibly perturbed but those perturbations are unknown before the chemical data have been studied. Then, the methodology employed should be robust enough to deal with perturbed data, and situations where the data are not perturbed must be seen as particular cases in the general theory, as being operated by the identity perturbation.
Aitchinson's proposals for using ratios.
Besides the perturbation, another major problem of traditional data treatment methods arises from the absence of an interpretable covariance structure and from the difficulties involved in parametric modelling (Aitchinson, 1986, 52 onwards) . To tackle these problems Aitchinson (1986 Aitchinson ( , 1989 Aitchinson ( , 1990 Aitchinson ( , 1992 has proposed the use of ratios. In fact, the logarithms of these ratios are used in order to achieve the desired symmetry (Aitchinson, 1992 ).
Aitchinson's proposals are based on the use of the symmetric centred logratio transformation according to
where S d is the d-dimensional simplex (d=D-1) and g(x) is the geometric mean of all the x D components, and on the use of the asymmetric logratio transformation according to
where
The impact of these proposals on archaeometry has, however, been limited and, additionally, they have always been related, sometimes in a critical sense, to the symmetric centred logratio transformation (10) (Baxter, 1989 (Baxter, , 1991 (Baxter, , 1992 (Baxter, , 1993 (Baxter, , 1994 Leese et al., 1989; Neff, 1994; Hoard et al., 1995) . In contrast, our efforts have been directed to the study and use of the asymmetric logratio transformation (11) because, as we shall see, the disadvantages arising from asymmetry can be kept under control (Buxeda, 1995a (Buxeda, , 1995b Buxeda & Cau, 1995a; .
Based on the preceding discussion, the centred logratio transformation can be expressed as follows:
),.., ln( 
So, in (12) we can observe that the centred logratio transformation removes the indirect perturbation, and it does not imply any arbitrary change of scale as normalisation would. Nevertheless, a new indirect operation, in the second term of the sum of logarithms for each component, arises, imposed by the use of ratios, and involves all the determined components of the perturbing vector.
In contrast, the logratio transformation gives more simple equations. The initial equation being 
As can be seen, in this transformation once the indirect perturbation imposed by the compositional nature of the data has been removed, another indirect operation imposed by the use of ratios appears. Unlike the centred logratio transformation, here the second term in the sum of logarithms in each component is only affected in the indirect operation by the Sth component used as divisor.
The main implication of these various indirect operations in the two transformations can be seen in the inter-vector ratios. In the case of the intra-vector ratios, two components directly operated by the same value do not change the ratio. In the case of two components of two different compositional vectors A and B the intervector centred logratio transformed data ratios are the result of (15) where j=1,...,S-1. It must be noticed that in (14) as in (15) the subtraction on the lefthand side of the sum corresponds to the ratio between the original compositional vectors before the perturbation operation, while the subtraction on the right-hand side of the sum expresses the contribution of the direct and indirect operations. Thus it is clear that inter-vector ratios are only dependent on the perturbing vectors and hence not on the result of the calculation of k (4) or a (9) using both the perturbing and the compositional vectors. Furthermore, recovering the original inter-vector ratios depends, in the case of the symmetric transformation, on the equality of the values of the components of the perturbing vector used in the direct operation, and on the equality of the geometric mean of all the values of the components of the perturbing vector corresponding to the determined subcomposition. But, in the asymmetric transformation the conditions are less severe, because, once the equality in the direct operation has been proved, the equality in the indirect operation will only depend on the values of the Sth component of the perturbing vectors.
An important implication is that the inter-vector ratios (14) and (15) correspond to the form used in the calculation of the Euclidean distance (Aitchinson, 1992) , which is Moreover, the parameters of mean, variance and covariance that are estimated present the same advantages as the inter-vector ratios with respect to the raw and normalised data. Nevertheless, as can be easily seen the logratio transformation is more robust on the spurious error propagation induced by the indirect perturbations. In the case of the asymmetric transformation, the calculation of the mean, variance and covariance statistics will be: (18) where (j=1,...,S-2) and (l=j+1,...,S-1).
The development of the expression for the inter-vector ratios, and for the statistics mean, variance and covariance, allows us, using Aitchinson's proposals, to express the values of any perturbed compositional vector as the sum of the original value plus the corresponding value from the perturbing vectors. Furthermore, dealing with the asymmetric transformation, the indirect operation is only dependent on the value of the Sth component of the perturbing vector. Therefore, provided that this value assumes the neutral element for all the individuals analysed, the spurious error propagation due to the indirect operations will be eliminated and we can recover the original unknown values, except for the presence of direct perturbation. This spurious error propagation for the centred logratio or logratio transformed data will depend only on the addition of the effect of the perturbing vector. On the contrary, for raw data and normalised subcompositions the indirect operation comes from the result of the different element x j u j , according to (4) or (9) respectively, and the effect of the indirect operations will be directly proportional to the x i values.
The ability of logratio transformation to emphasise the presence of perturbation, allowing it to be identified, as well as its ability to identify which elements are more suitable for use as divisors in (13), in order to cancel the indirect perturbations, will now be exemplified using an archaeological case study of Hispanic Terra Sigillata kiln material, which presents heavily perturbated data.
The Abella workshop: an example of perturbed data.
The Abella workshop (Navès, Solsonès) is situated in what is now Catalonia (Spain), in the north-east of the Iberian Peninsula. It constituted the first known workshop of Hispanic Terra Sigillata (Samian Ware). Discovered in 1912, a partial excavation was undertaken by Serra i Vilaró (Serra, 1925) during the first years of this century. As a result of this excavation, three kilns were discovered that belonged to a production centre of Terra Sigillata and common pottery. Moreover, some elements of the kiln were recovered, such as the gas extraction tubes used in irradiation kilns to isolate the firing chamber in order to achieve the completely oxidising atmosphere needed to produce the red Terra Sigillata (Picon, 1973) . A new survey led to the discovery of a fourth kiln and a great variety of archaeological materials (Gurt et al., 1987; Gurt, 1993a; Casas et al., 1989; Buxeda, 1995a) . The survey was conducted in a number of areas ( Figure 1 ) which correspond to the four kilns (U2, F1, F2 and B) and to a futher four sectors (E, Q2, G and A). The chronology of the workshop was estimated as being the second half of the 2nd century -first half of the 3rd century AD, thanks to the results provided by the Roman villa of La Rectoria, ca. 500 m away from the workshop, where the Abella products were found in a clear stratigraphical sequence. Also, a 14 C dating exists for the UE 7 stratigraphical unit (Gurt, 1993b; Buxeda, 1995a) .
Sampling and analytical methods.
The sampling, conducted in order to define the Abella reference group, included 108 individuals (Table 1) , representing the Terra Sigillata, the moulds, the gas extraction tubes and the fine common pottery. All but one individual came from deposition contexts in the areas surveyed in Abella. Only one individual came from the La Rectoria site. However, the deposition context of 18 of the 107 individuals from the Abella site is unknown, because of earlier excavations.
Ten grams of each individual were taken and powdered in a Spex Mixer (Mod. 8000) tungsten carbide cell mill, after the outer surfaces had been mechanically removed. The chemical compositions of the 108 individuals were determined at the Scientific-Technical Services of the University of Barcelona with X-ray Fluorescence (XRF), using a Phillips PW 1400 spectrometer, with two excitation sources: Rh and Au. The quantification of the concentrations was obtained using a calibration line performed with 40 International Geological Standards. The elements determined were: Fe 2 O 3 (as total Fe), Al 2 O 3 , MnO, P 2 O 5 , TiO 2 , MgO, CaO, Na 2 O, K 2 O, SiO 2 , Ba, Rb, Mo, Th, Nb, Pb, Zr, Y, Sr, Sn, Ce, Co, Ga, V, Zn, W, Cu and Ni. The loss on ignition (LOI) was measured by firing 0.5 g, of dried powder, at 1000°C for 1 h. Moreover, Xray Diffraction analysis (XRD) was carried out for the 108 individuals included in the study, using the same powders prepared for XRF analysis. Measurements were performed at the Scientific-Technical Services of the University of Barcelona using a Siemens D-500 diffractometer working with the Cu K-α radiation (λ=1.5406Å), and monochromator graphite in the diffracted beam, at 1.2 kW (40kV, 30 mA). Spectra were taken from 4 to 70°2Θ, at 1°2Θ/min (step size=0.05°2Θ; time=3 s). Individual 25 was chosen for a thermodiffractometric experiment, using the Siemens D-500 diffractometer equipped with a high temperature chamber and a Positional Sensitive Detector (PSD). Several spectra were taken at room temperature, 600, 700, 750, 800, 850, 900, 950, 1000, 1050 and 1100°C. A rate of 100ºC/h was employed, and the temperature was kept for 1 h before the spectra were recorded. Individuals 1, 3, 6, 11, 13, 18, 24, 25, 26, 28, 29, 31, 32, 46 and 55 were chosen for the study of the microstructure and sintering state presented in its as-received-state (ARS). The observations were made on fresh fracture using a scanning electron microscopy (SEM) Phillips-SEM 515 (Laboratory of Archaeometry, NCSR "Demokritos", Aghia Paraskevi, Greece), and an SEM Stereoscan S120 (Cambridge Instruments) (Scientific-Technical Services, University of Barcelona). Four individuals (1, 6, 11 and 46) were also refired in oxidising atmosphere, using a rate of 200ºC/h from room temperature up to 850, 950, 1080 and 1100°C, maintaining the temperature for 1 h and with a natural cooling process. A detailed description of the analytical conditions, precision, accuracy, and routine is given by Buxeda (1995a) .
The study of elemental concentrations: the variation matrix.
As established by Aitchinson (1986) , the covariance structure in compositional data for a D-parts composition x is the group of all the covariances σ ij,kl =cov{log(x i /x k ),log(x j /x l )} (i,j,k,l=1,...,D). Following this definition for covariance, the variances, representing the relative variations between two components, are defined as τ ij =σ ii,jj =var{log(x i /x j )}.
Furthermore, the covariance structure of a D-parts composition x is actually completely determined by the previous 1/2dD variances. Thus the DxD matrix
which completely determines the covariance structure is called the variation matrix (Aitchinson, 1986 (Aitchinson, , 1990 ).
If we develop Aitchinson's concepts for an S-parts subcomposition applying a logratio transformation, it is clear that given the relation τ iS =σ ii,SS , the values in the Sth column of the variation matrix are the same as those in the diagonal of the logratio covariance matrix calculated using the component x S as divisor:
(20) It has to be pointed out that this correspondence is only partial, because the logratio covariance matrix (20) does not contain the variance τ SS , because it contains one dimension less. Even so, given τ SS =0, we can calculate a new value as τ τ
which corresponds to the value tr(Σ Σ Σ Σ), i.e. the total variance in the logratio covariance matrix.
Another important concept arising from the variation matrix (19) is the total variation (Aitchinson, 1990) , given by vt=(2S) -1 j'Tj, where j is the Sx1 column vector of units. This total variation is the measure of the variability existing in the covariance structure for the subcompositional data matrix under study. The importance of the total variation concept is enhanced by the relation between the total variation and the trace of the logratio covariance matrix (20) vt=tr
where j is the (S-1)x1 column of vector units, and therefore vt always assumes a lower value than tr(Σ Σ Σ Σ). The variation matrix will then allow us to measure the variability linked to the component used as divisor in (11), because the value vt/τ .S (τ .S =tr(Σ Σ Σ Σ))
can be considered the percentage of tr(Σ Σ Σ Σ) explained by the total variation in the covariance structure, the subtraction 1-(vt/τ .S ) being the variability imposed on Σ Σ Σ Σ by the component x S due to its special role in the asymmetric transformation (11). In this way, the variation matrix (19) will exhibit in its columns i (i=1,...,S) the diagonals of the S possible logratio matrices that will result when using the component in the ith column as the divisor.
The variation matrix from Abella (Table 2) , adapted in accordance with Aitchinson's proposal, exhibits in its columns the diagonals of all the possible logratio covariance matrices, and the values τ .i (i=1,...,S) (21) corresponding to the traces of these logratio covariance matrices (Mo, Pb, Sn and Cu are not included due to undeterminations and analytical imprecision; Co, W and LOI will be considered separately). The total variation is 1.07713. Two groups of elements can be observed. On the one hand, there are some components that, when used as divisors impose a low variability on the transformed data without greatly exceeding the total variation of the covariance structure. The use of SiO 2, Y, Fe 2 O 3 and Al 2 O 3 as divisors keeps vt/τ .i higher than 90%, and therefore they impose a variability below 10%. On the contrary, P 2 O 5 , CaO, Ba, K 2 O, Sr and Na 2 O give vt/τ .i values below 50%, i.e. they impose a variability over 50%. These latter values reflect major relative variations between the components used as divisor and the other components determined, which is unexpected in a monogenic sample such as that from Abella. So, the variance matrix shows a covariance structure with a clear influence of these components, indicating their responsibility for most of the existing variability.
When SiO 2 is used as divisor in the transformation (11), because it is the component which imposes least variability, the logratio covariance matrix trace is 1.150966 (value of τ .SiO2 ). However, the sum of the relative variations of the previous six components (P 2 O 5 , CaO, Ba, K 2 O, Sr and Na 2 O) with SiO 2 has a value of 0.898434, i.e. 78.06% of the total variability in the logratio covariance matrix. If we observe, for example, the histograms of the values ln(Na 2 O/SiO 2 ), ln(K 2 O/SiO 2 ) and ln(Sr/SiO 2 ) (Figure 2) , we see that some important asymmetries are present. These asymmetries are unexpected as we assume a normal multivariate distribution function, where a normal univariate must be observed for all the marginal. These asymmetries are at the origin of the high value of the corresponding variances. Furthermore, the highest values in all the variation matrix are observed in relative variations with Na 2 O, τ Sr Na2O and τ K2O Na2O , because the individuals involved in these asymmetries are either the same in opposite directions, or different in the same direction (Figure 2) . Finally, it is important to notice that two values appear markedly lower in the column of Sr, τ CaO Sr and τ Ba Sr .
These results show that the variation matrix is a powerful tool for quantification of the total variation in the compositional data matrix, and also for the identification of the origin of this variability. Certain aspects of this variability can be studied and controlled.
The variability imposed by the component used as divisor in (11) is not the only distortion that this transformation can introduce because of its special role. A second problem arises in the form of distortion of the general behaviour of the components in the covariance structure, a distortion which is due to the relations existing between these components and the component used as divisor. A measure of this distortion can be established with a correlation coefficient r v,τ. between the τ ji (j=1,...,i-1,i+1,...,S) values in the ith column and the τ .j (j=1,...,i-1,i+1,...,S) values of the totals of the other columns, 1 being the value for no distortion. In the case of Abella, the highest correlation is exhibited by the component SiO 2 , while the lowest is exhibited by the component Sr. In Figure 3 we can clearly see that the relative variations of all the components with SiO 2 are in good agreement with the relative variations of each component with all the others. On the contrary, the election of Sr as divisor imposes almost 82% of the variability on the logratio covariance matrix, and it also implies a distortion when reproducing the relative variations.
The result of the data treatment can be summarised in the dendrogram of the cluster analysis (Figure 4 ) performed using the components Fe 2 O 3 , Al 2 O 3 , MnO, P 2 O 5 , TiO 2 , MgO, CaO, Na 2 O, K 2 O, SiO 2 , Ba, Rb, Zr, Sr and V, logratio transformed using SiO 2 as divisor. The cluster analysis has been performed, running the program Clustan (Wishart, 1987) , using the mean squared Euclidean distance in order to emphasise the effect of those variables that, after the transformation, present a higher contribution to the variability. The centroid agglomerative algorithm was used because the few reversals do not imply any major transgression of the monotone invariance (Sneath & Sokal, 1973, 278) and, on the contrary, this algorithm has an interesting geometric reflection (Sneath & Sokal, 1973, 234) . The value of the cophenetic correlation coefficient is 0.84, which reflects a high hierarchy within the data.
If we centre our attention on what now appears to be more important aspects, we can see a complex structure in the data with 79 out of 108 individuals placed in 4 groups (GA, GB, GC and GE). Table 3 shows the mean and standard deviations for the transformed data in each group, while Table 4 shows the mean and standard deviations for those groups but expressed in normalised subcompositions. In Table 3 , we can see that the values ln(Na 2 O/SiO 2 ) are clearly higher for the group GE, while the values ln(K 2 O/SiO 2 ) are much lower. This explains the high value τ K2O Na2O , produced by the two asymmetries in opposite directions but affecting the same individuals, roughly those in the group GE. In relation to the components, CaO, Ba and Sr, we observe that the values ln(CaO/SiO 2 ), ln(Ba/SiO 2 ) and ln(Sr/SiO 2 ) are markedly higher for group GA, where those individuals involved in the asymmetries exhibited by these three components are grouped. Finally, groups GB and GC represent those individuals not involved in any of these important relative variations. The differences between both groups are less significant, as is reflected in the dendrogram (Figure 4 ).
The component P 2 O 5 , which also makes a major contribution to the compositional variability, exhibits its special behaviour because of individual 14 (extreme right in the dendrogram) which presents a value of 2.20% in normalised subcompositions while all other values are below 0.37%.
The interpretation of the existing structure.
Almost all the individuals exhibit an XRD pattern that can be related to one of the four categories of associations of crystalline phases proposed in Figure 5 , according to the observed mineralogical changes. This evolution is supported by the high temperature experiment conducted on individual 25 (Figure 6 ), which exemplifies mineralogical category C1 in Figure 5 , and by the results from SEM on the individuals ARS and the experiments of refiring (Buxeda, 1995a; Buxeda & Cau, 1995a) . The equivalent firing temperatures were estimated from the data obtained by XRD and SEM, and can be divided into four groups: below 800-850ºC for C1 (low fired), around 950ºC for C2 (well fired) (crystallisation of gehlenite, pyroxene and plagioclase), between 1000 and 1050ºC for C3 (overfired) (decomposition of illitemuscovite and gehlenite, further development of pyroxene and plagioclase) and over 1100-1150ºC for C4 (severely overfired) (partial decomposition of quartz, crystallisation of leucite) (Maggetti, 1981; Maniatis et al., 1981) . It is also important to notice that these results are in good agreement with such indications as the matrix colour (C1, brown or orange depending on the crystallisation of hematite; C2, light orange; C3, yellowish; C4, greenish), and the deformation of some individuals in category C4, because of the collapse due to the advanced liquid phase produced during firing (Picon, 1973 ).
If we exclude the few individuals that must be considered as particular cases, comparison between the chemical and the mineralogical data shows a significant degree of correspondence for 89 out of the 108 individuals retained. In Table 5 we have grouped the individuals, according to their deposition contexts in the site, in three categories: for the individuals coming from the kilns (areas U2, F1, F2 and B in Figure 1) , from outside the kilns (areas E and Q2), and for those individuals of unknown deposition context. Thus, we can see that 4 out of 8 individuals of the chemical group GC are classified in mineralogical category C1, with the kilns as their deposition context. For the other 4 individuals of the chemical group GC we do not know the deposition context, but it is worth noting that 2 of them are classified in mineralogical category C1 and the other 2 are classified in mineralogical category C2. The correspondence between these data is still clearer for the individuals of the chemical group GA, in which 31 out of the 35 individuals are classified in mineralogical category C2 and come from the deposition contexts outside the kilns. The other 4 individuals grouped in GA also come from the same deposition context, but they are classified in mineralogical categories C1 (3 individuals) and C3 (1 individual), which are the mineralogical categories next to C2. In the case of the chemical group GB, 21 out of 23 individuals are classified in mineralogical category C3. Nevertheless, no relation is observed in this case between chemical group GB and a specific deposition context. Only 2 individuals of the chemical group GB are classified in mineralogical category C2, but they come from deposition contexts outside the kilns. Finally, 12 out of 13 individuals of the chemical group GE are classified in mineralogical category C4. As in the previous chemical group, no relation is observed between chemical group GE and a specific deposition context. It can then be clearly observed that the structure in several chemical groups, provoked by the existence of several asymmetries involving certain individuals, is linked to the firing temperature (to the physical, mineralogical and chemical characteristics developed by the firing) and to the deposition context. The reason for this is the presence of selective alteration and contamination processes. In this sense, the values ln(CaO/SiO 2 ), ln(Ba/SiO 2 ) and ln(Sr/SiO 2 ) reflect the perturbation operating on the components CaO, Ba and Sr (Figure 7 ). In the case of ln(CaO/SiO 2 ), these values are related to the crystallisation of secondary calcite (for example, Heimann & Maggetti, 1981; Maggetti et al., 1984; Picon, 1985a) , which would imply a partial enrichment with allochthonous Ca 2+ . Notwithstanding, the phenomenon of secondary calcite is a very complex problem which needs the concurrence of more than one analytical technique for its identification, and especially for its interpretation in terms of enrichment with allochthonous calcium. In the case of Abella, the data support such an interpretation (vid., Buxeda & Cau, 1995a) . In relation with the values ln(Ba/SiO 2 ) and ln(Sr/SiO 2 ), contaminations of Ba and Sr have also been reported (for example, Bieber, 1977; Olin et al., 1978; Freestone et al., 1985; Picon, 1985b; Picon, 1987; Schmitt, 1989; Béarat, 1990; Picon, 1991) . In the case of Abella, the data suggest the existence of a certain association between the contamination of calcium, barium and strontium, especially affecting those individuals in mineralogical categories C1 and C2, that are buried in the deposition contexts E/Q2.
In Figure 8 we can observe the asymmetries detected in mineralogical category C4. In this fabric we can observe the effect of two different, possibly partially related, processes that cause the contamination of sodium and the lixiviation of potassium, perhaps because of the alteration of the glassy phase (for example, Picon, 1976; Segebade & Lutz, 1980; Lemoine et al., 1981; Schmitt, 1989; Picon, 1991) . This lixiviation is not observed in all the individuals in category C4, but, what has to be taken into consideration is that all the individuals in this category present, with different intensities, peaks of leucite, a potash feldspatoid ( Figure 5 and Figure 6 ). This firing phase could act as a way of fixing the potassium, preventing its lixiviation. On the contrary, what is made clear is the contamination of sodium for all the individuals. In this case, this contamination of sodium is directly related to the crystallisation of a sodium zeolite, analcime ( Figure 5) , which is clearly a secondary phase (for example, Maggetti, 1981; Heimann & Maggetti, 1981; Walter, 1988) . This process is also possibly favoured by the alteration of the glassy phase. The analcime was semiquantified on the basis of the intensity in counts per second (CPS) of its peak 5.59Å. The diagram analcime-ln(Na 2 O/SiO 2 ) shows the relation between the presence of analcime and the sodium content.
Moreover, it should be pointed out that individual 14, which can be classified in mineralogical category C2 and which has markedly the highest observed variability in P 2 O 5 , is the only individual from the La Rectoria site. In contrast to the production site of Abella, La Rectoria was an inhabited Roman villa that was used as a cemetery during the Medieval Ages. This may have given rise to the relation between this contamination and the organic matter on the site. However, none of our data directly support this identification, that is the phase where the phosphorous is fixed, or the mechanism of its formation (Buxeda, 1995a).
Finally, cobalt and tungsten, not considered in the previous discussion, are typical examples of alterations and contaminations produced in the laboratory. Here, the use of a tungsten carbide cell mill is the cause of these contaminations. If we recalculate the variation matrix including these two components, we obtain a value vt/τ .Co of 50.53%, where the contribution of the total variation to the logratio covariance matrix is as low as 50%. In the case of tungsten, the value vt/τ .W is significantly lower, 9.41%. These results were expected because cobalt is a minor element in the composition of the cell, while tungsten is a major one. Furthermore, it is important to notice that the lowest value in the column of W is τ Co W , this reflects the relationship between both components in the composition of the cell and the parallel occurrence in this contamination (for a similar problem see Attas et al., 1984) .
The distribution function.
The Abella case shows that the perturbing vector is a function of three wide groups of variables (Buxeda, 1995a):
u=f(F,E,t),
where F is the fabric (which includes the chemistry, the mineralogy, the structural characteristics, etc. for the individuals, and which is the result of the transformations during firing of the initial paste), E is the environment (i.e. any environment in which the ceramic was placed during use, burial, etc.; it includes chemistry, pH, temperature, etc.), and t is time (the duration of the contact between the ceramic and a special environment with stable or changing conditions). In the present example, the variables 'association of crystalline phases obtained by XRD' and 'deposition context in the site' operate as simply two very rough estimates of fabric and environment, respectively.
If the component used as divisor is always directly operated by the neutral element, the use of logratio transformed data retains the effect of the perturbations within the components directly perturbed. It also allows the original ratios (i.e. the original distances) to be recovered between those components of different individuals directly operated by the neutral element. With this procedure, we avoid the estimation of the values of the components of the perturbing vector u (Aitchinson, 1986) , which in practice is almost impossible (Woronow & Love, 1990) . This control over indirect operations is important in defining the reference group when estimating mean (16), variance (17) and covariance (18), because the effect of the perturbations is kept within the directly perturbed components. Therefore, when we define the distribution function, if this is a normal multivariate, as
where we consider only the subcomposition of the S elements as always being directly operated by the neutral element, we recover the original distribution function for this subcomposition.
Final implications: loss on ignition and tempering.
The data treatment derived from transformation (11) allows us to control a difficult problem, the loss on ignition (LOI) value. The LOI value incorporates several terms: the volatile elements (Cogswell et al., 1996) and, especially, certain elements such as hydrogen, oxygen and carbon that are usually not determined and that are related to the organic matter, the compositional water of primary phases and anions such as CO 3 2-, which are present in the original paste. This process, which is not a perturbation operation as defined in this paper, can actually be modelled as a perturbation induced by firing temperature during the transformation process from paste to fabric. Therefore, the logratio transformation also allows us to control the effect of this paste-to-fabric change, and the diversification of compositions with the apparent dilution effect for the determined concentrations (Kilikoglou et al., 1988 ).
If we recalculate the variation matrix of Table 2 , taking into consideration the LOI, we obtain a value vt/τ .LOI of 15.41%, and values clearly lower in column LOI for the variances τ CaO LOI , τ Ba LOI and τ Sr LOI . These results were expected because the alterations and contaminations affecting the enrichment in calcium, barium and strontium are observed in the individuals classified in mineralogical categories C1 and C2, which correspond to the lowest firing temperatures. The means in raw data of the LOI are (in %) GC 10.31 (± 2.08), GA 8.71 (± 2.41), GB 4.15 (± 1.08), and GE 3.21 (± 1.63), which show the dramatic effect of the indirect operations induced by LOI.
This model can also be applied to tempering. The tempering problem has been extensively discussed in the literature as the dilution problem imposed by the decrease in concentrations for the determined elements when the temper is added (Neff et al., 1988; Neff et al., 1989; Beier & Mommsen, 1994) . If we take the raw material as a compositional vector and the temper as a perturbing one, the addition of temper has two effects: 1) through the direct operation it changes the original concentrations of those components operated by values other than the neutral element (all values are u j >1, except u j =1 when the corresponding element is not present in the temper), and 2) through the indirect operation being divided by k (4), due to the constraining operator of compositional data, which affects all the components independently of the direct operation. For example, quartz temper affects trace element determinations through the indirect operation. Thus, it is clear that what has been called an inert diluent does not actually exist (Neff et al., 1989) . What does exist, however, are cases in which the direct perturbation affects only undetermined components. In this sense, we can see that the logratio transformation can deal with the so-called dilution problem.
As an example, if we repeat the cluster analysis in Figure 4 , without including the components ln(P 2 O 5 /SiO 2 ), ln(CaO/SiO 2 ), ln(Na 2 O/SiO 2 ), ln(K 2 O/SiO 2 ), ln(Ba/SiO 2 ) and ln(Sr/SiO 2 ) in the subcomposition used, the present structure disappears. Individual 14, affected by the contamination in P 2 O 5 , is also placed amongst the other individuals. The lower ultrametric distances reflect large reduction in the variability. Also, some new differences are now apparent having previously been obscured by the perturbations dominating the data treatment, and in particular it appears that individuals 108 and 109 exhibit a quite distinct chemical composition. The most interesting point is that individual 87, a clear outlier in Figure 4 , is now placed among all the individuals. This fact is important if we consider that this individual is the only one that presents a low calcareous clay (in normalised subcomposition the CaO is 2.99%). This result clearly shows that using the logratio transformation in the appropriate way we can avoid differences such as calcium content, which can be changed by the potter through the addition of temper, thus recovering the original values in raw materials.
Conclusions.
The study of chemical data from Abella kiln material has allowed us to identify a high compositional variability, particularly for certain components. Comparing chemical and mineralogical data, as well as physical properties, has made the interpretation of the compositional variability, insofar as it is related to alteration and contamination processes, possible. These processes have affected the individuals differently, because of the fabric and the deposition context. The advantages of using the logratio transformation rather than the centred logratio are clear theoreticallu, since the asymmetric transformation is more robust when facing the perturbations. The logratio transformation highlights the existence of compositional variability, perhaps imposed by perturbation operations, through the variances in the variation matrix. It also allows the indirect perturbation to be avoided, by dividing the data in (11) with a component that is not directly perturbed, as well as the direct perturbation by excluding the directly perturbed components in the data treatment. In this way, the unknown original distances and distribution functions are recovered for the subcomposition of the determined components which are not directly perturbed.
Notwithstanding, if what we face is the need to explain mathematically the compositional variability of the chemical characterisation, this explanation implies certain assumptions that cannot be demonstrated in the mathematical solution itself. Thus, the explanation of the compositional variability requires the identification and interpretation as perturbation (including alteration and contamination processes, LOI, tempering and technology) or as polygenic provenance (Buxeda, 1995b) . Furthermore, the interpretation and explanation of this compositional variability requires the use of data other than chemical, and also the concurrence of validation archaeological data.
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